M
assive data from high-throughput transcriptional profiling of almost 1.9 million samples is publically available in the Gene Expression Omnibus. Gene expression microarrays and RNA sequencing methods are usually used for this high-throughput discovery phase. 1 Although often criticized for the presence of false positives, the transcriptome data provides a snapshot or time-course spectrum of biological perturbations in human diseases. 2 Validation of genes discovered through these aforementioned methods for biomarker discovery and/or validation or mechanistic studies requires repeat measurements on the same tissue sample, as well as independent samples with the same phenotype. The validation studies are also important to control for demographic and clinical confounders that may have had a significant impact on gene-set perturbations. Due to a paucity of human tissue samples and the cost of experiments, these validation studies are often performed with low-throughput, but robust, assays such as quantitative polymerase chain reaction (QPCR). 3 Additional important considerations also include the quality of the tissue RNA, its adequacy for different platforms, and the depth and complexity of RNA interrogation technology, which highlights the critical importance of tissue mRNA preservation. [4] [5] [6] Addressing these questions are of paramount importance for the conduct of precision medicine in human diseases. Several approaches to preserve tissue samples have been tested. 4, 7 Snap freezing in liquid nitrogen is not always convenient and is costly to maintain. Several RNA stabilizing solutions (RSSs) retain RNA integrity once the biosample is submerged. 8 Formalin-fixed, paraffinembedded (FFPE) tissues capture biology and have been extensively used for immunohistochemistry and in situ hybridization. 9 They are a rich source of biological information, although the degradative nature of formalin fixation on nucleic acids has been a major barrier to widespread adoption for transcriptomic analysis. 10 However, modern molecular techniques with improved fixation, extraction, amplification, and quantification of genetic materials have made DNA and RNA analysis possible on biospecimens previously believed to be unsatisfactory or unavailable. [11] [12] [13] QPCR is the conventional approach and workhorse for lowthroughput gene expression validation because it is robust and has ease of experimental setup and data analysis. 14, 15 Recently, a new platform for low-throughput gene expression based on molecular barcoding to quantify mRNA that does not require amplification has become available. [16] [17] [18] Previous studies have favorably compared the barcoded-oligo assay to QPCR in other clinical settings 19, 20 Recently, a study by Adam et al. quantified the expression of a literature-derived, antibody-mediated rejection 34-gene panel in freshpreserved and FFPE kidney tissues with QPCR and the barcoded-oligo assay, respectively. 19 Their findings demonstrated reasonable correlation (r ¼ 0.487; P < 0.001) between the 2 assays. 19 However, there has not been a true 2 Â 2 (4-way) study that compares the preservation method (FFPE and fresh-preserved) and mRNA quantification platform (QPCR and barcodedoligo assay).
In this carefully planned and executed National Institutes of HealthÀfunded study (U01 AI113362-01), we evaluated the integrity of RNA in kidney transplant (tx) biopsies (bx) preserved in RSS or FFPE tissue blocks. The amplification performance of selected target genes by the QPCR platform (fluidigm [FD] ) and the platform that uses barcoded-oligos (nanostring [NS]) on both types of tissues was assessed. Finally, we examined the usefulness of the 2 types of tissues and the 2 platforms on a gene biomarker panel for inflammation and acute rejection (AR) of kidney transplantation. Although this study focused on kidney transplant biopsy analysis, the data presented and the strategies are applicable to any organ or tissue source of interest that is handled similarly.
METHODS

Patient Enrollment and Study Design
Twenty renal tx recipients were enrolled into the study (Table 1) , divided into 2 phases. First, 10 consecutive for-cause kidney transplant biopsy were selected, in which matched tissues in RNA preservative and routinely processed FFPE blocks were available from the same patient at the same time point, regardless of the histological diagnosis. In addition to processing tissue for FFPE, approximately one-quarter of each bx from these patients was submerged in RNAlater. These 10 bx were evaluated for the cross-biospecimen (RSS vs. FFPE) quality and RNA amplification, with the latter being examined between the Fluidigm Biomark system (South San Francisco, CA) and nCounter system (NanoString Technologies, Seattle, WA) platforms for selected gene expression for 19 target genes. Second, 10 additional bx with a diagnosis of AR (n ¼ 5; determined by either cause or 6-month protocol bx) and with normal morphology (n ¼ 5; 6-month protocol bx) were selected to test the performance of the individual and combined common rejection module (CRM) score expression of selected genes. FFPE tissue was used only because matching RNAlater preserved tissue did not exist for these samples, based on their previously noted ability to discriminate organ transplant biopsy with AR 21 (Table 1) .
Total RNA Extraction From FFPE Embedded and RNAlater Submerged Tissue
We used 4-Â 10-mm-thick sections from 1 core of a 16-gauge needle biopsy to extract total RNA from FFPE samples. We initially evaluated the minimal input RNA needed by assessing the RNA quantity from 3 different approaches of 4, 7, and 9 sections, and determined that using 4 FFPE sections was sufficient for obtaining sufficient RNA for QPCR (data not shown), using the PureLink FFPE Total RNA Isolation Kit (Thermo Fisher, Catalog no. K1560-02, Thermo Fisher Scientific, Foster City, CA). RNAlater submerged tissue was obtained from one-quarter to one-half of a 16-gauge needle bx (Qiagen, Valencia, CA) and stored at À80 C; total RNA was extracted using a master mix of 790-ml TRIzol and 10-ml glycogen. Tissue samples were homogenized, incubated at 15 C to 25 C for 5 minutes, and 160-ml chloroform was added for phase separation. The mixture was incubated again at 25 C for 2 minutes, followed by centrifugation at 4 C and used for RNA extraction using the RNeasy Micro Kit (Qiagen Catalog no. 4004). RNA quantity and integrity were determined with the Thermo Scientific NanoDrop ND-2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific) and Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA), respectively.
cDNA Synthesis and QPCR for the FD Platform A total of 50-ng RNA was reversed transcribed into complementary DNA using Superscript II (Invitrogen, Thermo Fisher Scientific) and then amplified in a targetspecific amplification step for 19 genes, namely, BASP, CD20, CD31 (PECAM1), CD4, CD6, CD68, CD8A, COL4A1, CXCL10, CXCL9, FoxP3, INPP5D, ISG20, LCK, NKG7, PRPRC (CD45), PSMB9, RUNX3, and TAP1 using TaqMan PreAmp Master Mix (cat. no. 4488593; Thermo Fisher Scientific) and TaqMan Primers and Probes (Supplementary Table S1 ), for a total of 18 amplification cycles. QPCR reactions were performed in the BioMark FD system using 18S gene as a housekeeping gene and Human XpressRef Universal Total RNA (Qiagen, Germantown, MD) as a reference RNA for a total of 40 cycles. Resulting chip data were initially analyzed for quality control using the BioMark Analysis Software Version 2.0 (FD), and cycle threshold Table S2 ). Fifty nanograms of each RNA sample were added to the codeset in a hybridization buffer and incubated at 65 C for 16 hours. The codeset consisted of reporter and capture probes that hybridized the target sequences of interest, forming a tripartite complex. After the assay, the raw counts for each assay were collected using the NS data analysis software, nSolver (NanoString Technologies). Normalization of the data was performed using nSolver for the following 2 methods. (i) Positive control normalization: gene expression data were normalized to the mean of the positive control probes for each assay. (ii) RNA content normalization: gene expression data were normalized to the geometric mean of housekeeping genes in the codeset.
Statistical Data Analysis
Because of its steady expression, 18S ribosomal RNA has been a popular reference RNA in gene expression analyses. For the QPCR platform, 18S ribosomal RNA was used as the reference gene. However, for the nCounter system of NS, the system could not handle a high abundance of 18S ribosomal RNA. We chose 5 common reference RNAs (GUSB, HPRT1, LDHA, TBP, GAPDH) as reference RNAs and used the mean signal as reference value. We tested gene expression correlation by comparing Ct values of 18S ribosomal RNA with mean Ct values of the 5 reference RNAs (GUSB, HPRT1, LDHA, TBP, and GAPDH) using 10 FFPE samples. There was a strong correlation with the Pearson's correlation (r) of 0.97 (R 2 ¼ 0.87) (P < 0.0001) in between the Ct value of 18S ribosomal RNA and the mean Ct value of the previously described 5 reference genes. This demonstrated that gene expression analyses performed with either 18S ribosomal RNA or the 5 common reference genes were comparable. Following reference gene normalization, the QPCR platform data were log2 transformed. Unsupervised and supervised hierarchical clustering were performed using GENE-E (https://software.broadinstitute.org/GENE-E) using 1-Pearson's correlation and the average as the metric and linkage methods, respectively. Correlation values were calculated using Pearson's and Spearman's rank-based correlation methods (GraphPad Prism, La Jolla, CA), in which the correlation coefficient, r, ranged from À1 to þ1. A significant difference in 2 sets of data was determined by performing an unpaired t test with a 2-tailed P value option using GraphPad Prism. A P value of <0.05 was considered significant.
RESULTS
Comparison of RNA Quantity and Quality From
RNAlater Submerged Versus FFPE-Embedded Kidney Transplant Biopsy Tissue RNA quantity measured from one-quarter of the 16-gauge needle bx cores (n ¼ 10) and submerged in RNAlater solution yielded 2.8 AE 1.9 mg total RNA; 4-Â 10-mM-thick slices of the FFPE tissue (n ¼ 10) from the matching kidney transplant biopsy yielded 1.7 AE 1.0 mg RNA.
RNA (Figure 1) .
Comparisons of the FD and NS Technologies
Based on Cost of Instrument, Assay Time, and Assay Cost The wide availability of cataloged primer and probesets enabled FD to generate data within a few days, whereas for of NS, the time to generate data ranged somewhere from within a week to 4 to 5 weeks if barcoded codesets need to be designed and synthesized. The robustness of both platforms is comparable, and both platforms are capable of multiplexing. As of early 2017, using these platforms for a project to assess gene expression level of 20 genes on 48 samples would cost approximately $21 USD by the FD platform, whereas NS is more expensive, with an estimated cost of approximately $67 USD per sample. The costs and performance capabilities at the time of the preparation of this paper are summarized in Table 2 .
Correlation of Gene Expression Across Different Tissue Preservation and Profiling Methods
The correlation between the mean expression of all genes profiled on the FFPE and RNAlater fractions Figure S2a) . Heat map of data that resulted from unsupervised hierarchical clustering of the paired samples correlations as quantified by NS and FD are shown in Figure 2 . These data suggested that despite high correlation, there were subtle differences reflected in gene expression data generated by RSS versus FFPE and also in FD versus ND.
Results by Spearman's rank-based analysis revealed similar findings (Supplementary Table S3 ), which suggested that the high correlation was independent of platform specific normalization methods.
The correlation of amplifying the same gene set in FFPE tissues alone across both platforms was further assessed. Correlation of all available pairs of data on Table S3 ). The heat map of the data that resulted from supervised hierarchical clustering is shown in Figure 3 . In the heat map, gene expression values for each gene across all samples is presented in color gradient, ranging from dark red (maximum expression) to dark blue (minimum expression). 
Comparison of Results to Provide Differences in Gene Expression Levels in Between Different Phenotypes
We next evaluated the performance of 11 individual CRM genes (BASP, CD6, CXCL10, CXCL9, INPP5D, ISG20, LCK, NKG7, PSMB9, RUNX3, and TAP1) and 8 other cell-specific markers (CD20, CD6, CD68, CD8A, COL4A FOXP3, and CD45). The CRM score was computed across an additional 10 independent FFPE samples (5 AR and 5 non-AR) as a measure to distinguish the AR phenotype, measured on both the FD and NS platforms. Gene expression was consistently greater in all 19 transcripts in AR compared with non-AR samples across both platforms, with statistically significant (P < 0.05) differential expression for the following CRM genes on the FD platform ( Figure 4a ): CXCL10, CXCL9, ISG20, LCK, NKG7, PSMB9, RUNX3, TAP1, and the following cell-surface markers: CD20, CD4, CD6, CD8A, FOXP3, and CD45 (PTPRC), whereas all genes except for CD31 (PECAM1) were significantly differentially expressed when quantified on the NS platform (Figure 4b ). Both platforms were able to reliably differentiate AR samples based on significantly elevated CRM scores in AR (9.96 AE 2.31 in Sample type   Sample type   1  1  5  5  59  59  60  60  61  61  62  62  63  63  64  64  10  10 AR vs. 1.64 AE 0.80 in non-AR on FD, P ¼ 1.1E-3; and 7.28 AE 1.19 in AR vs. 1.04 AE 0.33 in non-AR on NS; P ¼ 2.5E-04) (Figure 4c ).
DISCUSSION
Small quantities of available tissue samples make it necessary to address the accessibility and applicability of archival tissue for investigational studies. Proper sample management for collection, handling, fixation, and processing are quintessential for successful studies. Targeted transcriptional analysis from FFPE tissues was successfully shown on the NS platform, 16, 22 with moderate correlation with QPCR in the setting of antibody-mediated rejection in kidney tx tissues. 19 Compared with standard QPCR, the NS platform had a higher correlation with histologic findings that was attributed to the tissue variability of fresh-preserved tissue compared with FFPE sections. However, that study did not quantitate mRNA expression in both FFPE and RSS tissues simultaneously on both types of platforms, 19 and no studies to date have addressed if gene amplification by multiplex QPCR on the FD platform will have similar results to the NS platform. In addition, there have been no direct comparisons of the workflow and cost of running kidney bx samples on both FD and NS platforms, which is valuable information for investigators beginning to take on these kinds of studies.
It was hypothesized that because the FFPE sample was dissected from the same region where the histology reads were provided, correlation of gene expression values would be higher than those seen from gene expression analysis performed on a separate piece of tissue submerged in RSS (e.g., RNAlater). This question was also addressed in this study because the same tissue sample was compared head to head, across the same set of genes, with either the FFPE or the RSS specimen. In addition, the amplification efficiency and the correlation of the gene expression results in the context of AR were also compared directly on both the FD and the NS platforms. These data were not previously evaluated in this manner, and hence, provided valuable information to the academic tx community. FFPE tissue offers many benefits, including stability at room temperature that allows for ease of long-term storage in well-maintained large biorepositories. 23, 24 Archived FFPE samples are generally well annotated and accompanied by an abundance of longitudinal clinical data, making them valuable study materials. Despite the clear benefits, FFPE tissue interrogation has not been clearly adopted to date, due to known degradation of genomic material and obstacles with efficient RNA extraction and sufficient quality for experimentation. 25, 26 The inferior quality of RNA isolated from FFPE compared with RSS was confirmed in our study, yet we showed that this did not impact the amplification of target genes by either the FD or the NS platforms overall. Because the ideal QPCR amplicon length is >55 bases, the degree of RNA degradation from FFPE appears to retain this fragment length in most of the samples processed. Nevertheless, it is important to note that the oldest FFPE biopsy in this study was 1.5 years old. Evaluating the same approach on bx tissue stored for a much longer time warrants further investigation to assess the additive effects of degradation of FFPE embedded tissues over long periods of time.
The applicability of either the FD or the NS platforms for evaluation of gene expression in the context of FFPE tissue alone in kidney transplant biopsy is an important conclusion of this study. This is a significant observation because targeted low-throughput gene expression methodologies such as the FD and NS platforms provide the next step, cost-effective, rapid validation of smaller, informative gene sets.
14,15 However, we observed that in samples in which the degradation of RNA was more significant (sample #64; RIN ¼ 2.4), there were poor correlations between the 2 platforms. The FD platform reported missing data for very low amplification results, whereas the NS platform imputed a baseline background value for missing data. We observed that there was significantly better correlation in between the 2 platforms for the RSS tissue in this sample (Supplementary Figure S2b) . In addition, although the RIN number was low for sample #64), it was not the only parameter that assessed amplification efficiency in the FFPE sample, because some of the other FFPE samples with low RIN numbers and similar sample storage length had better amplification results. Due to data imputation for low and/ or missing sample amplification by the NS platform, we found much better correlations for FFPE and RSS for these samples with NS, although some of these data might require additional scrutiny for "false positive" data quality control on the NS platform (Supplementary Figure S2a) . Removal of this outlier sample from the analysis resulted in comparable performance between the FD and NS platforms on both tissue types. The FD platform yielded data with relatively higher correlations (especially for samples 11 and 61) (Supplementary Figure S2A) . These variations in gene expression might be related to intrinsic factors that are connected to platform efficiency and the process of direct detection without the need of amplification in the NS platform, but which are needed for preamplification on the FD platform. 17, 27, 28 We also demonstrated that gene expression signatures could readily differentiate histologically confirmed AR and non-AR tissue samples in archived FFPE blocks on either platforms. We used the combined scoring across the recently published CRM genes for quantifying kidney tx graft inflammation in the context of AR. 21, 29 Because of the available resources for this project, we only performed biopsies from AR and normal grafts. This leaves us with a question of whether these assays are useful in separating kidney tx injuries with subtle changes (e.g., AR from borderline changes), T-cellÀmediated rejection from antibody-mediated rejection, and so on. Future studies will have to be performed with a larger cohort of carefully chosen samples to further establish the usefulness of these tissues and assays.
In conclusion, in this study, we compared not only the usefulness of FFPE with tissues preserved in RSS, but also the efficacy of different methods of gene expression analysis of tx kidney bx using 2 commercially available platforms, using either conventional QPCR or barcoded-oligo based technology, with detailed comparisons of performance, handling, and the cost of both methodologies, to allow the reader to critically assess the choice of either platform for their own research.
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